ABSTRACT: We examined the relationship of summer mortality to reproductive events for suspensioncultured mussels h/lytilus edulis L, in the Magdalen Islands. Parameters associated with gametogenesis and spawning were followed along w t h the tuning and intensity of mortality from mid-June to midSeptember 1991. For mussels maintained In a shallow lagoon (the usual mussel culture s~t e ) , summer mortality began in late July as a major spawning event was e n d~n g and as summer temperatures peaked (>20°C). Mussels from this group showed low energetic contents after spawning and during the period of highest mortality, glycogen content decreased rapidly and shell growth ceased. Thus, mussels weakened by a major spawning were at the same time submitted to stressful temperatures. Summer mortalities were observed until the end of the experimental period (mid-September) even though surviving mussels seemed to have improved their condition in late August (when glycogen content, tissue mass and shell length had increased). By mid-September approximately 65 % of the mussels had been lost. In contrast, no summer mortality was observed for mussels from the same stock that were maintained at 16 m depth in the open sea. These mussels were exposed to lower temperatures and spawned less extensively than those in the lagoon. They had no major spawning in late July and were never completely empty of gametes. Our results suggest that suspension-cultured mussels in Magdalen Islands lagoons pay a high reproductive cost in terms of survival when a major spawning is completed during a period of stressful environmental conditions, such as high water temperatures.
INTRODUCTION
Summer mortalities of blue mussels Mytilus edulis L. cultured in the Magdalen Islands (southern Gulf of St. Lawrence, eastern Canada) were first noted in 1975 (Poirier & Myrand 1982 ) and have often occurred since then (Myrand 1991a , Myrand & Gaudreault 1995 . These mortalities have severely impeded the development of a local mussel industry as they can cause up to 80% losses at a time.
Summer mortalities of cultured blue mussels have also been reported at other locations on the Atlantic and Pacific coasts of North America (Mallet & Myrand 1995) . The extent of mortalities can be highly variable for different mussel stocks, even in the same environments (Dickie et al. 1984 , Mallet et al. 1987 , Mallet & Carver 1989 , Myrand 1990 , Sephton 1991 , Fuentes et al. 1992 , Myrand & Gaudreault 1995 . All of the latter studies indicate that the mortalities are better explained by genetic than by environmental factors, but why and when is a given stock more susceptible to summer mortality?
The greater susceptibility of a given stock to summer mortality may reside in its higher degree of homozygosity (or deficiency in heterozygotes according to the Hardy-Weinberg equilibrium) and the accompanying decrease in performance. The lower performance of more homozygous bivalves is well documented at various metabolic, physiological and ecological (including survival) levels (Diehl & Koehn 1985 , Beaumont & Zouros 1991 , Borsa et al. 1992 , Gosling 1992 . One mussel stock from the Magdalen Islands has never been affected by summer mortality (Myrand & Gaudreault 1995) and is more heterozygous (as indicated by polymorphic enzymes) than the more susceptible stocks (Tremblay et al. 1998b,c) . Of the 2 stocks that have been studied most extensively in the Magdalen Islands, the susceptible stock has higher maintenance requirements than the resistant stock during certain periods of the summer (Tremblay et al. 1998~) . This association between homozygosity and maintenance metabolism agrees with previous studies (see review in Hawkins & Bayne 1992) . Mussels with higher mair~ierlarlce requixenlents should have less energy available for other energetic processes (Diehl et al. 1986 , Hawkins et al. 1986 , Koehn & Bayne 1989 , Hawkins & Bayne 1992 ) and thus be more vulnerable to adverse conditions. This corroborates Peterson's (1980) report that susceptible stocks of mussels have higher maintenance metabolism than more resistant stocks.
The lower performance of more homozygous individuals is accentuated, and sometimes only noticeable, under stressful conditions (GentiLi & Beaurnont 1988 , Hawkins et al. 1989 , Koehn & Bayne 1989 , Scott & Koehn 1990 , Borsa et al. 1992 , Hawkins & Bayne 1992 , Tremblay et al. 1998a ). Thus, it seems that the vulnerability of a susceptible (more homozygous) stock will be increased when conditions are adverse. Several stress-related factors have been examined to explain summer mortality including pathogens, high temperature (>20°C), food depletion, thermal sensitivity and reproduction (Myrand & Gaudreault 1995 , Tremblay et al. 1998a . Taken alone, none of these factors can explain the summer mortalities in cultivated mussels from the Magdalen Islands except reproduction. These mussels usually have multiple spawnings starting in June, and summer mortality may be related to a major spawning taking place in late July, just before the warmest period of the year (Myrand & Gaudreault 1995 . High water temperature was con~monly identified as a probable cause of mortalities acting in synergy with other factor(s) (Freeman & Dickie 1979 , Incze et al. 1980 , Mallet 1991 , Sephton 1991 . Mussel growers on Prince Edward Island, southern Gulf of St. Lawrence, have also noted a possible link between a second or late (July) major spawning and summer mortality (Emmett 1988) .
Two studies report data on the reproductive cycle of suspension-cultured blue mussels in relation to summer mortality, and arrive at contradictory conclusions. Emmett et al. (1987) showed that summer mortality of 1 yr old blue mussels on the Canadian west coast was probably related to a reproductive stress, whereas Mallet (1991) could not find a clear relationship between the 2 parameters for 2 yr old mussels from Atlantic Canada.
The present study examines the role of reproduction in the summer mortalities of cultivated mussels from the Magdalen Islands. Two yr old mussels from a susceptible stock were followed from midJune to rnidSeptember to examine the relation of summer mortality to reproductive events. Parameters associated with gametogenesis and spawning were quantified, along with the timing and intensity of mortality, to evaluate if summer mortality could represent a reproductive cost in terms of sunrival (Bell 1980 , Bayne 1984 , Thompson 1991 ). Experimental mussels were placed in 2 environments, one at the usual culture site in a lagoon where mortalities often occur (stressful conditions are likely to develop), and the other in the open sea where stressful conditions are not likely to develop because of the cooler temperatures (Bower 1989 , Jarnieson 1989 . The study was performed in the natural environment because of the difficulties of obtaining an undisturbed gametogenic cycle under laboratory conditions (Lubet 1976) and further because reproductive costs in the laboratory may not reflect those in nature (Landwer 1994) . The experiment was conducted in 1991, 1992 and 1993, but we primarily focused on the 1991 data as no nlortality occurred in 1992 and 1993.
MATERIALS AND METHODS
We studied mussels from Great Entry lagoon ( Fig. 1 ) which have previously been subjected to frequent summer mortalities (Myrand 1991a , Myrand & Gaudreault 1995 . In mid-June 1991, 1992 and 1993 we removed 2 yr old mussels measuring 50 to 60 mm in shell length from commercial sleeves (see Mallet & Myrand 1995 for details on mussel culture techniques). In 1991, mussels were detached by hand, while in 1992 and 1993 the byssus was cut with scissors. These mussels were likely sexually mature as reproductive maturity in Mytilus edulis is attained at about 50 mm (Rodhouse et al. 1986 ). Groups of 50 mussels were placed in 19 mm mesh plastic cages (25 cm length X 25 cm width X 11 cm height). This large mesh-size was chosen to reduce fouling. The remaining mussels in 1991 (n = 359) were measured to the nearest rnillirneter, and a sample of 46 individuals was used to measure dry mass, energetic components and reproductive condition (as described below) at the onset of the experiment.
After being held overnight in holding tanks supplied with running seawater, the cages were placed in the (Fig. 1) . The Great Entry lagoon is a shallow site (6 m deep) where environmental conditions (temperature, salinity, chlorophyll a and seston) are well known (Myrand 1991b , Mayzaud et al. 1992 . The open sea site was 16 m in depth and located 9 km from the shore. The cages were arranged in vertical series of 3 with adjacent cages separated by 30 cm, and the 16 series of 3 cages at each site were distributed in a 4 X 4 matrix so that conditions were as uniform as possible. The deepest cage of each series in the open sea and in the lagoon was 2 m from the bottom. The distance between the series of cages was adjusted to avoid tangling and to facilitate retrieval of specific series (15 m in the lagoon and 30 m in the open sea). All cages were left undisturbed until they were retreived for sampling. Each year, a Ryan thermograph recorded temperatures at 2 m from the bottom near the experimental cages at both sites. However, the thermograph deployed at sea was lost in 1991.
At each sampling date, we randomly selected a series of 3 cages from each site. In 1991, we sampled weekly between mid-June and mid-September and twice weekly between 29 July and 22 August during the period when summer mortality was expected. In 1992 and 1993, we sampled weekly throughout summer.
In the laboratory, live and dead mussels from each cage were counted and measured to the nearest milLirneter. Then all live mussels from the same site were mixed, and 46 individuals were sampled to measure dry mass, energetic components and reproductive condition as described below. Energetic components and reproductive condition were only determined in 1991 as no mortality occurred in 1992 and 1993. Mortality level in a given cage was calculated as (number of dead mussels/total number of mussels in the cage) X 100 and, thus, represented the cumulative mortality from the onset of the experiment.
Mass determinations in 1991, 1992 and 1993. Thirty mussels from each sampling were frozen for later quantification of the dry mass of the mantle and viscera. Shell length was measured and tissues were dried at 6S°C for 72 h. Total dry mass was calculated as the sum of mantle and viscera masses.
Energetic components in 1991. To evaluate the energetic components, 6 mussels (3 males and 3 females) were measured, shucked and freeze-dried individually. We did not compare sexes because of the small number of mussels per sample. The equal number of males and females insured an equal weight of the 2 sexes in the determinations. The sex was identified from a biopsy of the mantle. Dry tissue mass was recorded before determinations of lipids (Bligh & Dyer 1959) , proteins (Kjeldahl method) and glycogen (Van Hendel 1965) were made using the analytical procedures detailed by Gendron & Rioux (1994) . The total energetic content of each mussel was estimated by summing the energetic equivalents for proteins (23.65 kJ g-l), carbohydrates (17.16 kJ g-l) and lipids (39.55 kJ g-') as provided by Crisp (1984) .
Reproductive condition in 1991. Ten mussels were shucked and fixed whole in a solution of 1 % glutaraldehyde: 4 % formaldehyde for 24 h and then transferred to Davidson's fixative for storage (pers. comm., Dr Antonio J. Figueras, Instituto de Investigaciones Marinas CSIC, Vigo, Spain). Samples to be processed for histological studies were chosen to obtain more information on events suggested by changes in dry mass. For each mussel from the selected sampling dates, a piece of mantle was dissected and embedded in paraffin wax. Three 5 mm thick sections were cut through the piece of mantle at 120 mm intervals and stained with hematoxylin and eosin. The reproductive condition was assessed from 1 field per section (3 fields per mussel) using stereological analysis (Bayne et al. 1978 , Lowe et al. 1982 , Brousseau 1984 . The propor-tion of gametes per field (gamete volume fraction, GVF) was derived from point counts obtained using a Weibel test grid applied on the PC screen of a Leica Q5OOMC image analysis system connected to the microscope (magnification: 100x). The 21 lines of the Weibel grid (3 X 7) were of equal length (28 mm), and the distance between the end points was 28 mm in every direction. This spacing of the end points was greater than the size of the gametes so that no more than 1 end point fell on a given gamete (Freere 1967 , Briarty 1975 ). In the 3 sections of each female, we measured the diameter of the first 10 encountered oocytes sectioned through the nucleus (Grant & Tyler 1983) . As the oocytes are rarely perfectly round, the diameter was calculated as the mean of 4 measurements taken along 4 axis passing through the center of the nucleus i O to 180°, 45 to 225", 90 to 270" and 135 to 315"). Oocytes with atretic (abnormal shape or color) or lyhc (denaturated) characteristics were considered to be in resorption (Lubet 1959 , Davidson & Worms 1989 . The 10 mussels were selected regardless of their sex since numerous authors report no evidence of differences between sexes in gamete output, mantle mass, and the timing of garnetogenesis and spawning (Lubet 1959 , Griffiths & Griffiths 1987 , Hilbish & Zimmerman 1988 , Robledo et al. 1995 , Salkeld 1995 . However, factorial sex X site ANOVAs applied to arcsine-transformed GVF data for each sampling date indicated no significant interactions between sex and site (all p > 0.35) but differences between sexes on 2 dates (10 July: F(l,191 = 10.08, p = 0.006; 28 August:
= 10.23, p = 0.006). Therefore, the mean GVF was adjusted to give equal weight to both sexes.
Reproductive output in 1991. Reproductive output (fecundity) is often calculated as the difference between the dry mass of the mantle before and after spawning (Thompson 1979 , Kautsky 1982 , Bayne et al. 1983 as most gametes in mussels are located in the mantle (Seed & Suchanek 1992 , Salkeld 1995 . However, since the mantle also contains energetic reserves (Seed & Suchanek 1992) , a better estimate of gamete biomass is obtained when mantle dry mass is adjusted for the proportion of the mantle occupied by gametes (Hilbish & Zimmerman 1988) . Thus, reproductive output was calculated as the difference in the mean dry mass of gametes (mean mantle dry mass X mean adjusted GVF) in the mantle before and after spawning.
Environmental conditions in 1992 and 1993. In 1992 and 1993, weekly chl a and seston concentrations were measured in triplicates at both sites in addition to daily temperature. Water samples were taken at 2 m from the bottom and filtered through a 135 mm mesh screen to remove zooplankton and large particles. In the laboratory, water was filtered under low vacuum pressure (c230 mm Hg) to prevent cell damage, and filters were stored at -20°C until further analyses.
For chl a, 500 rnl water samples were filtered on Gelman GF/F filters and stored. Fluorescence was measured with a Turner fluorirneter after the filters had been transferred to vials containing 10 m1 of 90% acetone and refrigerated for 24 h at 5°C. For seston, 2000 rnl water samples were filtered on pre-weighed and ashed (450°C for 4 h) Gelman GF/C filters and then rinsed with 10 m1 of an isotonic solution (3 %) of ammonium formate to remove salts before storage. To quantify seston, filters were dried at 65°C for 24 h and then cooled in a dessicator at room temperature before being weighed again to the nearest 0.0001 g. Seston concentration was calculated as the difference between these 2 masses, and a correction factor was applied for mass loss during the fiibation procedure.
Statistical analyses. All statistical analyses were performed using the 6.11 version of the program by SAS Institute (1982) . When needed, data were transformed to obtain normality and homogeneity of variances. Dry masses and energetic components were loglo transformed and compared using ANCOVAs with loglo shell length as a covariable. Differences in mortality level and shell length throughout the summer were assessed using ANOVAs. Comparisons of means following the ANOVAs and ANCOVAs were performed using planned linear contrasts. Comparisons of mortality and shell length on successive dates were made using l-tailed tests with planned linear contrasts to verify the hypothesis H,+I>H,. Shell length distributions were not normally distributed and were compared using non-parametric Wilcoxon tests. The variance in the dry mass of gametes was calculated following Goodman's (1960) method since these values were the products of 2 distinct variables, gamete volume fraction and mantle dry mass.
RESULTS
We will mainly compare reproductive events and associated parameters for mussels in 1991 since this was the only year during which summer mortalities occurred.
Spawning events
At the beginning of the experiment on 12 June 1991, the mean mantle dry mass of mussels was 604 mg ( Fig. 2A ) and represented 43.1 % (+0.9% SE) of total dry tissue mass. Although most individuals had follicles filled with gametes and a high GVF (58 to 67%;
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z g e p g . pelled during these partial spawnings was estimated development as indicated by increases in the GVF and as 178 mg in the lagoon and 158 mg in the sea. At the mean oocyte diameter (Fig. 2B,C) . end of these spawnings, mantle mass represented a slrnilar proportion (t-test: t(29) = 1.30, p = 0.49) of total mass for the mussels in the lagoon (34.0 * 0.7% SE) Mortality and open sea (32.6 * 0.6% SE). Mean oocyte diameter decreased from an initial size of 56.5 p m on 12 June to Some mortality occurred soon after the beginning of 48.6 pm in the lagoon and 53.1 pm at sea on 27 June the study in 1991 as dead mussels were found in the (Fig. 2C) .
first sample on 27 June at both sites (Fig. 3A) . In the At both sites, similar increases in mantle mass open sea, no differences (ANOVA: = 1.58, p = occurred during the 3 wk following the June spawning 0.15) were observed in the proportion of dead mussels ( Fig. 2A) and the mean GVF tended to increase slightly in cages on different sampling dates. In addition, the (Fig. 2B) . However, after 16 July, mantle mass was mean shell length of the dead mussels at sea throughusually higher for mussels at sea than in the lagoon out summer (54.2 mm * 0.2 mm SE; n = 383) was almost ( The mantle mass of the mussels at sea was relaThese observations suggested that most of the mortalitively constant after 16 July ( Fig. 2A) although the ties at sea occurred at the onset of the study. They were mean adjusted GVF decreased steadily (Fig. 2B) . A likely caused by the removal of the mussels from the few mussels had a GVF < 50% and lower mean sleeves. Thus, the mean mortality level of 18.9% oocyte diameters (Fig. 2C) , suggesting that some indi-(rt 0.9% SE) for mussels at sea throughout summer viduals had a second spawning in late July. However, likely represented a mortality caused by the initial this was a small spawning as gamete dry mass only manipulations. decreased by 37 mg between 16 and 29 July (Fig. 2D) .
In contrast, mortality varied markedly (ANOVA: Another partial spawning occurred after 19 August as F~,,,,,) = 25.57, p c 0.0001) during summer in the mantle mass and mean oocyte diameter decreased lagoon (Fig. 3A) . The mortality at the 2 sites was comsharply and some mussels had low GVF values. The pared for each date using linear contrasts as we found end of this spawning could not be defined precisely a sigdicant site X date interaction (factorial ANOVA: because of lost samples, but the stable mean GVF = 11.53 for site X date interaction, p c 0.0001). (Fig. 2B ) and an increase in mantle mass ( Fig. 2A) and There were no significant differences between sites gamete dry mass (Fig. 2C) suggested it was comuntil 29 July (t < 1.55, p > 0.09 for all contrasts), except pleted by 28 August. This latter spawning caused a 74 on 27 June ( t = 2.40, p = 0.02). Thus, the mortalities mg decrease in gamete dry mass and, when it was observed in the lagoon during this period were probafinished, mantle mass represented 33.2% (+1.1% SE) bly the result of the initial manipulations. The mortalof the total mass. ity in the lagoon became significantly higher than that The mussels in the lagoon, in contrast those at sea, at sea from 1 August onwards ( t 2 2.12, p < 0.04 for all had a second major spawning between 16 and 29 July contrasts; Fig. 3A ). Therefore, a major summer mortal-1991 which resulted in a 284 mg drop in mantle mass.
ity began between 29 July and 1 August and coincided This spawning was larger than that in June, as mantle with the end of the second major spawning (Fig. 2D) . mass dropped by 58% compared to 45% in June.
The mortality continued until the end of the study When spawning was completed, mantle mass repre-(mid-September) and was greatest in mid-August. sented only 23.9% (*0.7 % SE) of the total mass. This Mussels which had recently died (still showing tissues spawning caused a 282 mg decrease in gamete dry attached to the shell) were first seen on 6 August and mass. On 6 August, all mussels in the lagoon were frequently thereafter. The estimated loss in the lagoon spent (GVF < 10%) and the follicles contained only a during the summer, excluding individuals which died few small (41.9 pm) residual oocytes (Fig. 2B,C) . The after initial manipulations, was 65 %. cumulative loss in gamete dry mass for the 2 spawni n g~ in the lagoon was 460 mg. The low variance in mantle mass at the end of both spawnings in the Growth lagoon ( Fig. 2A) suggested that the entire experimental population had 2 successive and synchronous Mean shell length of mussels from both sites in 1991 releases of gametes. Mantle mass increased again folwas compared for each date using Linear contrasts lowing the second spawning in the lagoon ( Fig. 2A) (Fig. 3B) . In contrast, mussels at sea only grew viduals as substantial growth occurred also at sea in slightly as they were partially spawning in late July. the absence of mortality (Fig. 3B) . Synchronous sharp , and (C) mean total dry mass for mussels in the lagoon ( -) and the open sea (----) in the Magdalen Islands between June and September 1991. Vertical bars represent standard errors. Periods of spawning in the lagoon (L) and in open sea (S) are indicated by the horizontal bars. Mortality and shell length were compared using ANOVAs while total dry mass were compared with an ANCOVA applied to loglo transformed values using shell length as the covariable. In all cases, the 2 treatments (lagoon and open sea) at each date were compared using planned linear contrasts. Significant differences (p < 0.05) between sites are indicated by an asterisk. The arrowshows the onset of summer mortal~ty suggested that surviving mussels in the lagoon were in losing a portion of their total mass due to spawning good condition even though their numbers had been (Fig. 3B,C) . At both sites, the rapid growth in late decimated by the summer mortality ( Figs. 2A & 3B,C) .
August suggested a general improvement in environMantle mass and total mass were highly correlated mental conditions. Nonetheless, 4 2 % of the mussels throughout the summer (r = 0.92, p < 0.0001, n = 920; that were alive on 19 August, when shell length began Figs. 2A & 3C) . Mussels at sea grew at a rate of to increase sharply, were dead 1 mo later. Energetic components improvement in the condition of the mussels in the lagoon. To examine the overall trends in energetic components, we applied 2-way (site X sampling date) ANCOVAs using shell length as a covariable, to our data. As
Experiments in 1992 and 1993 we observed significant interactions for all components (proteins: F113,1571 = 3.29, p = 0.0002; lipids: F113,1551 = There were no summer mortalities observed during 3.06, p = 0.0005; glycogen: F,13,1561 = 2.06, p = 0.02; total the monitoring of the same stock maintained at the energetic content: Fl13,1s4, = 2.30, p = 0.008), we used same 2 sites in 1992 and 1993. The cumulative morlinear contrasts to compare the 2 sites for each samtality in the lagoon and open sea was 6.8% (+3.5% pling date in 1991 (Fig. 4A to D) . SE) and 6.196 (+2.0% SE), respectively, in mid-SepAt both sites, all energetic components decreased tember 1992 and 6.8% (c3.1% SE) and 2.0% (51.2% during the first spawning in late June (Fig. 4A to D ) . SE), respectively, in late September 1993. In these Then, protein, lipid and total energetic content inyears, mantle mass never decreased as far as in the creased in mussels at the 2 sites until the beginning of lagoon in 1991 ( Figs. 2A & 5) , suggesting that the the second spawning in mid-July, when gametes comspawnings were not complete. Further the follicles posed mainly of proteins and lipids started being were partly filled with gametes at the end of each released. Energetic components differed significantly spawning event. between the 2 sites during the remainder of the summer, and values were notably higher at sea than in the lagoon between 29 July and 
August coincided with increases in total mass
The lowest mantle mass measured for mussels in the lagoon in and shell length, further suggesting a general 
Environmental conditions
In 1991, the first spawning in the lagoon occurred during a period of spring tides and as water temperature rapidly increased from 10.3 to 16.4'C (Fig. 6) , and the second spawning occurred after a period of spring tides and as water temperature increased from 15.6 to 20.7"C. The summer mortality began during the warmest period of the year when temperatures were over 20°C. However, a total of only 1.4 day-degrees over 20°C was registered during the entire summer in the lagoon, and the summer mortality occurred when water temperatures were decreasing from 20 to 13°C. In 1992 and 1993, temperatures did not exceed 20°C in the lagoon.
We did not obtain a temperature record at sea in 1991 as the thermograph had failed. Data gathered at the same site in 1992 and 1993 indicated that daily water temperatures from 15 June to 15 August vary in a pattern similar to that in the lagoon (Fig. ? A; r = 0.91; p < 0.0001; n = 124) and are generally 4 to 6°C cooler. Therefore water temperatures at sea Likely did not exceed 15°C during the summer of 1991 since the rn&?:a~. temperabXe recorded in ,he lagaar, was 20.7"C. The highest temperature recorded at sea for 1992 and 1993 was 16.1°C. Although food availability was not quantified in 1991, chl a and total seston concentrations were measured weekly during the summers of 1992 and 1993. Changes in total particulate matter (TPM) were correlated at both sites (Fig. ?B; than at sea (t-test on differences: mean difference = 0.81 mg I-' * 0.29 SE, t(26) = 2.80, p = 0.010). Phytoplankton concentrations were also correlated at both sites (Fig. ? C; r = 0.80, p < 0.0001, n = 29), and no significant difference could be found between sites (t-test on differences: mean difference = 0.06 mg chl a I-' c 0.04 SE, t(29) = 1.60 , p = 0.12). Thus, food concentration was comparable (chl a) or higher (TPM) in the lagoon than at sea.
DISCUSSION
This study provides evidence of a relationship between summer mortality and reproduction of suspension-cultured mussels as previously suggested by Ernmett et al. (1987) . We studied a mussel stock known to be highly susceptible to summer mortality (Myrand & Gaudreault 1995) . In 1991, we observed 2 major spawnings for mussels held in Great Entry lagoon, and mussels were completely spent at the end of the second spawning. The onset of summer mortality coincided with the end of the second spawning, and about 65% of the individuals were dead by mid-September 1991. Parallel observations on mussels from the same stock which were held in the open sea showed a major spawning in late June, but no major second spawning in late July and no summer mortality.
At the beginning of the study, the mussels appeared to be ripe and ready to spawn. GVF values were similar to those reported for ripe mussels (70 to 90%; Bayne et al. 1978 , Lowe et al. 1982 , Rodhouse et al. 1984 , Salkeld 1995 , Danton et al. 1996 and the egg diameter was comparable to reported values for mature eggs (60 to 70 pm; Lubet 1959 , Brousseau 1984 , Sedano et al. 1995 . Similarly, the total dry tissue mass for 55 mm mussels was in the range of pre-spawning mass of suspension-cultured mussels of similar size in Nova Scotia (Mallet & Carver 1993) . Mantle mass before spawning was similar to values for wild mussels in Atlantic Canada (30 to 50%; Thompson 1979) . Just before we began our study in mid-June, water temperatures had reached the widely reported spawning threshold of 10 to 12°C (Bayne 1976 , Newel1 et al. 1991 , which may explain why some individuals had already begun to spawn.
The synchrony and the similar reproductive output during the first spawning (late June) at the 2 sites were likely due to the common history of the mussels prior to their transfer to the experimental sites. Although we cannot rule out the possiblity that the initial handling triggered the first spawning, this release of gametes coincided with the first spawning of undisturbed 1 yr old mussels in suspension-culture in the lagoon (authors' unpubl. data). The decrease of protein and lipid content during spawnings reflected their high levels in the gametes (Pieters et al. 1980 , Sedano et al. 1995 . At both sites, tissue replenishment after the first spawning was synchronous and of similar amplitude. The increase in proteins and lipids suggested further maturation and/or production of gametes.
A second major spawning occurred only in mussels held in the lagoon. The follicles were completely empty when this spawning ended. Repeated spawni n g~ in 1 season, separated by short periods of recuperation, often occur in suspension-cultured mussels in the lagoons of the Magdalen Islands (Roussy et al. 1991 , Gaudreault & Myrand 1992 . Bouxin (1956) and Lubet (1959) also report similar short intervals prior to a second spawning following an initial partial release of gametes. A massive spawning is followed by a sexual rest (Lubet 1959) during which glycogen is accumulated as an energetic reserve (Bayne 1975 , Gabbott 1983 . Such a process could explain the rise in the glycogen content of mussels at the onset of the second spawning. This accumulation was likely supported by food resources (increases in phytoplankton concentration and total particulate matter were observed).
The second spawning at sea was small compared to that in the lagoon, even though both groups of mussels had reached the same level of tissue replenishment in mid-July. The high GVF values and large oocyte diameters of the mussels at sea were indicative of mussels ready to spawn. Possibly, the mussels at sea were not exposed to spawning cues because of the depth (13 to 14 m) or location (at sea). Nevertheless, they did have a third spawning in late August when water temperatures were only about 10°C. This spawning was possibly associated with heavy winds (67 km h-' on 20 August compared to velocities 545 km h-' in mid-July; Environment Canada data from House Harbour airport). Mussels at sea never became completely spent. Mantle mass and total mass remained more or less constant after the replenishment following the first spawning.
A major summer mortality only occurred in the lagoon. The mortality began at the end of the second major spawning, at a point when the reproductive effort of the mussels had been high. To estimate this reproductive effort, we started with the total dry mass of these mussels in November 1990 (780 mg; Myrand & Gaudreault 1995) . The total mean production from November 1990 to mid-September 1991 was 1467 mg (622 mg between November 1990 and the first spawning + 290 mg from early July to just before the second spawning + 555 mg after 6 August). Reproductive effort over this period, defined as gamete production over total production, was 31.4 % (a loss of 460 mg in gamete dry mass). However, this value only pertains to the mussels that survived until the end of the experi-ment. For mussels which died in August, reproductive effort was more likely about 50.4% (460 mg to a total production of 912 mg). The total energetic content of mussels in the lagoon fell to the lowest level at the end of the second spawning, likely as a consequence of depletion of reserves from spawning and because of low food quality. Food quality, as indicated by the P0M:TPM ratio (Bayne et al. 1988) , usually decreases in the lagoon during late July to early August (Myrand 1991b . Numerous studies show that, after spawning, mussels are in poor condition because of depleted reserves and are particularly vulnerable to stressful environmental conditions (Bouxin 1956 , Bayne 1975 , Bayne et al. 1978 , 1980 , Newell & Thompson 1984 .
The high water temperatures in the lagoon in August may have added to the stress of ~e spent mussels and led to the observed mortalities. Water temperatures over 20°C are considered as stressful for mussels (Widdows 1973) , and high temperatures are often associated with summer mortalities (Freeman & Dickie 1979 , Mallet 1991 , Sephton 1991 . Temperatures in the lagoon attained maximal values during the second spawning and were above 20°C when mortalities began. However, a total of only 1.4 day-degrees over 20°C were cumulated during this period. Stressful temperatures were identified as the major factor explaining summer mortalities of mussels in Maine, as mortality increased at sites where water temperature had been above 20°C for varying periods of time (Incze et al. 1980) . Most mortalities in our study occurred as water temperatures were declining as observed in Maine (Incze et al. 1980) . In early August, metabolic rates of mussels from our experimental stock (susceptible to summer mortality) have higher Qlo values at high temperatures (20 to 25°C) than those of mussels from a resistant stock (Tremblay et al. 1998a ). The ensuing increase in metabolic rate together with a poorer food quality may have reduced the scope for growth of the susceptible mussels (Tremblay et al. 1998~) . The high mortalities in our study occurred during the usual period of summer mortality in the Magdalen Islands, a period of peak water temperatures (Myrand 1991a , Myrand & Gaudreault 1995 .
Mortalities in the lagoon were recorded until the end the experiment in mid-September even though the rapid growth of tissues and shell and the increase in glycogen content in late August suggested that the condition of the mussels had improved. Taylor et al. (1992) also observed that suspension-cultured mussels from the Canadian west coast suffered a 50% mortality between June and August even though their energetic content was improving (higher carbohydrate content in August than in June). We suspect that in spite of these increases, the susceptible mussels still had insufficient reserves to cope with the stressful conditions. Their mantle mass (highly correlated with total tissue mass) was much lower than that observed for mussels in 1992 and 1993 when no summer mortalities occurred. In the lagoon in 1991, an important pulse of summer mortality associated with a halt in shell growth and a decrease in glycogen content occurred in mid-August. Tremblay et al. (1998~) report that the mussels in the lagoon seem to be in poor condition during this period as their scope for growth was negative and the 0 : N ratio low. Mortalities in our study were not likely caused by disease as no signs of pathogens were found in 56 of the slides used to quantify GVF (pers, comrn., Dr Sharon McGladdery, Department of Fisheries and Oceans, Moncton, Canada). Also, other studies on the Atlantic and Pacific coasts of Canada collld not link summer mortality to pathogens (Jarnieson 1991 , Mallet 1991 , Sephton et al. 1993 ).
Our observations suggest that this susceptible stock of mussels from the Magdalen Islands (a more hornozygous stock with higher maintenance metabolism during certain periods in summer) pays a survival reproductive cost when a major spawning coincides with a period of stressful environmental conditions. Life history theory indicates that trade-offs must be made when 2 components in an organism's life cycle compete for limited resources. One trade-off is between reproduction and longevity or growth, as energy needed for maintenance and growth is diverted to reproduction (Bell 1980) . The reduction in future reproductive capacity caused by a decrease in survival or growth in exchange for increased current reproductive effort is called 'reproductive cost' (Reznick 1985) . Reproductive cost is often measured in terms of lower survival of reproducers (Calow 1973 , Tallamy & Denno 1982 , Lemckert & Shine 1993 , Boyd et al. 1995 , Jacobsen et al. 1995 , Luiselli et al. 1996 and is called 'survival reproductive cost' (Bell 1980) . As indicated by Roff (1992) , it is hard to imagine that reproduction does not deplete the resources of an organism, thereby making it more prone to stress-related sources of mortality. This implies that reproductive cost should increase when conditions become stressful, and conversely decrease under favorable conditions (Browne 1982 , Reznick 1985 , Roff 1992 , Stearns 1992 .
As no summer mortalities were observed after the first spawning in the lagoon or after the various spawnings in the open sea, the associated reproductive cost was probably not sufficiently high to cause death. These were only partial releases of gametes during periods when conditions were not stressful (cool water temperatures). Similarly an absence of complete spawnings was associated with a lack of summer mortalities during monitoring of the same stock in 1992 and 1993. Further, temperature did not exceed 20°C in the lagoon during these 2 yr. Thus, the summer mortality seemed to have happened only when complete spawning occurred during a period of stressful environmental conditions. O u r study supports the suggestion by Bower (1989) and Jamieson (1989) that summer mortalities can be prevented or reduced by transferring mussels to cooler waters in the open sea.
